[1] Recent studies have demonstrated that the annual mean barotropic currents over the East China and Yellow seas (ECYS) are forced primarily by the oceanic circulation in the open-ocean basin through the Kuroshio Current (KC), the western boundary current of the subtropical gyre in the North Pacific Ocean. The local wind stress forcing plays an important but secondary role. Those previous results were mainly qualitative and from a simple barotropic model forced by a steady wind stress field. They remain to be tested in a more complete 3-D model with both wind stress and buoyancy fluxes. In addition, the seasonal variability of major ECYS currents may involve different forcing mechanisms than their annually averaged fields do, and this can only be addressed when a seasonally varying forcing is used in the model. In this paper, we will address these issues by using a 3-D baroclinic model. Our results confirm the finding from the previous studies that the KC is the primary forcing mechanism for major annually mean currents in the ECYS, which include the Taiwan Strait Current, the Tsushima Warm Current, and the Yellow Sea Warm Current (YSWC), etc. However, the local monsoonal forcing plays a prominent role in modulating the seasonal variability of all major currents in the region. A deep northwestward intrusion of the YSWC in winter, for instance, is mainly due to a robustly developed China Coastal Current and Korea Coastal Current, which draw water along the Yellow Sea Trough to feed the southward flows along the west and east coasts of the Yellow Sea.
Introduction
[2] The East Asian Marginal Seas consist of some semienclosed deep basins, such as the South China Sea (SCS) and the Japan/East Sea (JES), and shallow shelves like the East China and Yellow seas (ECYS). This study focuses some major currents in the ECYS between the Taiwan and Tsushima Straits. The flow along the eastern Taiwan Strait, though varies seasonally in strength, is believed to be perennially northward [Fang et al., 1991; Su et al., 1994; Isobe, 1999; Wang et al., 2003; Zhu et al., 2004] . The surface wind is dominated by the East Asian Monsoon, and thus changes seasonally from a robust northeasterly in the winter to a mild southwesterly during the summer. The annually averaged wind stress is decisively northeasterly (southwestward) with a magnitude on the order of 1 dyn cm −2 . Therefore, the annually averaged Taiwan Strait Current (TSC) is a counter-wind current against the prevailing southwestward wind stress [Guan and Fang, 2006] .
[3] Under this seasonally reversing monsoonal forcing, the water masses from both the East China Sea (ECS) and the SCS could enter the strait. The subsequent mixture of the two water masses and a possible direct intrusion from the Kuroshio Current (KC) can further complicate the characteristics of the hydrographic structure within the strait. The consensus is that the transport is northeastward during the southwesterly monsoon. The flow in the winter is more debatable. The majority view is that the winter flow is weakly northeastward at least on the eastern side of the strait (see a recent review by Guan and Fang [2006] ). Nevertheless, it has been well accepted that the annually averaged flow is northward despite that the annually averaged wind stress is strongly southwestward. Here we will review briefly some previous results. Guan [1986] provided an observation-based description of the flow along the Taiwan Strait and some evidences for the northward flow in winter. On the basis of velocity observations from fixed stations, Fang et al. [1991] calculated volume transport through the Taiwan Strait, and found the average in the winter half-year is about 1.0 Sv while in summer half-year is about 3.1 Sv, and the annual mean is 2 Sv (the positive value refers to a northeastward transport). Teague et al. [2003] calculated that the average transport was 0.14 Sv from October to December 1999 using the profiled current data from bottommounted Acoustic Doppler Current Profiler (ADCP) stations. Wang et al. [2003] calculated the average transport was 1.8 Sv between 1999 and 2001, by using ship-mounted ADCP data. The existence of the perennially northward TSC has also been simulated by various models. For instance, Guo [1999] used the Princeton Ocean Model (POM) and simulated a TSC which varies seasonally from 1 Sv in winter to 3 Sv in summer and has an annually averaged transport of 1.9 Sv. His result was quite consistent with the observationally based estimate by Fang et al. [1991] . More recently Fang et al. [2002] used the Modular Ocean Model 2 (MOM2) and simulated an annual cycle of TSC transport from −0.36 Sv in November to 2.87 Sv in July with a yearly averaged transport of 1.15 Sv. The model result indicates that the observation of 0.14 Sv by Teague et al. [2003] for the period from October to December 1999 was made during the weakest TSC season.
[4] So far, the mechanism of the winter counter-wind currents off the southeastern China coast has not been totally solved, though a number of studies have been done in the past decades. Chuang [1985] concluded that the current in the Taiwan Strait was driven by the sea surface slope and wind stress. Soon thereafter, he believed that this sea surface slope was induced by the KC branching to the SCS through the Luzon Strait [Chuang, 1986] . Su and Wang [1987] adopted a barotropic model with ideal coastline and found that there is no flow entering the Taiwan Strait directly from the Kuroshio SCS branch, instead of a cyclonic gyre in the SCS, at which northwest corner there is a component flowing over the continental slope. Water trapped by the shelf break topography was guided to flow northward into the Taiwan Strait and eventually to flow into the ECS. Li et al. [1992 Li et al. [ , 1993 indicated that the northward flow in winter in the Taiwan Strait mainly originates from the South China Sea Warm Current, rather than directly from the Kuroshio branch south of Taiwan. Li et al. [1993] and Li and Zeng [1994] proposed that the effects of the factors such as wind, bottom topography, coastal configuration as well as the Kuroshio intrusion are all able to produce the South China Sea Warm Current, but the Kuroshio intrusion is not the determinant for the formation of it. Recently, Guan and Fang [2006] reviewed the winter counter-wind currents off the southeastern China coast.
[5] For an along-bathymetry flow through a narrow strait, the cross-channel component of the velocity is typically small, and thus, the leading dynamic balance in the alongstrait direction is between the pressure gradient, wind stress, and friction. The friction, in general, is to retard the flow, and thus is not considered as a driver for the flow. The wind stress, in the TSC case, is against the flow on the annually averaged sense and thus is unlikely the direct driver for the counter-wind current. So the most likely driver for the TSC is the pressure difference between the southern and northern strait and this has been well recognized in many previous studies [Chuang, 1985; Fang, 1995; Su, 2001 ]. There have been two different views regarding what sets and maintains this pressure difference. One suggested that the TSC is thermally driven. Fang and Zhao [1988] found that the steric height at the sea surface around the Luzon Strait is higher than the height in the area to the east of the Tsugaru and Soya Straits. They also proposed that the sea surface slope along the southeast coast of China is related to the high sea level in the western tropical Pacific through the Luzon Strait, and the large difference of the sea level along the western boundary of the ocean is mainly a result of the thermohaline effect [Fang and Zhao, 1988; Fang et al., 1991] . The effect of the Kuroshio branching on the sea surface slope is considered as a secondary factor [Fang et al., 1992] . Another group of studies related it to the entire lowlatitude western boundary current. Minato and Kimura [1980] first considered the sea level variation along the western boundary of the ocean on the basis of wind-driven ocean circulation model. Fang [1995] proposed that, owing to the variation of the Coriolis parameter with latitude, the sea level difference between the two sides of the western boundary current is larger in the south than in the north. Since the sea level is identical along the east side of the KC, the sea level along the west side is higher in the south than in the north.
[6] On the other hand, Yang [2007] hypothesized that the KC through its interaction with Taiwan Island is primarily responsible for setting this pressure gradient. In another study, Yang [2006] proposed that the Tsushima Warm Current (TsWC) induces flows (in the form of source-and sink-driven currents) along isobaths over the ECYS and makes an important secondary contribution to the northward transport across the Taiwan Strait.
[7] There are two major objectives of this study: (1) to test the KC forcing mechanism of Yang [2007] in a threedimensional model and (2) to examine the mechanism(s) for seasonal variability in the ECYS. The first objective is motivated by some previous studies [e.g., Isobe, 2000] that showed that baroclinic processes are important for the intrusion of KC into the shelf. So the barotropic model results from Yang [2007] need to be tested in a more complete three-dimensional model. The second objective is a natural follow up of the first one. Although the KC varies seasonally, the magnitude of its seasonal variability is considerably less than the annually mean transport [Guan, 1981; Johns et al., 2001; Liang et al., 2003] . The seasonal variation of the TSC as relative to the mean transport, however, is much larger and thus the KC forcing alone would be difficult to explain the large seasonal variability of the TSC and other major currents in the ECYS. So the local monsoonal forcing could be important in modulating the seasonal cycles.
[8] In this paper, we will use a three-dimensional ocean model to examine both KC and monsoon forcing in the Taiwan Strait and over a broader ECYS region. The standard run is a baroclinic model with full forcing, which includes buoyancy fluxes, wind stress and boundary inflow. Several sensitive experiments will be designed to examine the contribution of the open-ocean and local forcing through removing the KC and wind stress separately. Furthermore, the Luzon Strait, Taiwan Strait and Tsushima Strait will be closed one by one to study the mechanism of circulations in the ECYS, and the referred names and configuration of these experiments are shown in Table 1 .
[9] The paper is organized as follows. The model, its setup and its forcing fields will be introduced in section 2. The results will be presented and discussed in section 3, which will be followed by a summary of this paper.
The Model and Forcing Fields
[10] The model is the latest version of POM model. It includes thermodynamics and the level-2.5 Mellor-Yamada turbulence closure [Mellor and Yamada, 1982] . The model domain (100°-150°E, 0°-50°N) and topography are shown in Figure 1 . The model resolution is 1/6°by 1/6°horizon-tally and 16 sigma levels vertically with a finer resolution for the upper layers. The bathymetry used in the model is interpolated from ETOPO5 5 min gridded elevation data [NOAA, 1988] ; the minimum and maximum depth is set to 10 m and 3000 m, respectively.
[11] The model is initialized with temperature and salinity fields for January from the World Ocean Atlas 2001 (WOA01) Boyer et al., 2002] , and is forced by monthly mean climatologic atmospheric fields. The wind stress and buoyancy fluxes are from the International Comprehensive Ocean-Atmosphere Data Set (ICOADS) [Worley et al., 2005] . The buoyancy flux used in the model is net heat flux forcing, which is sensitivity to Sea Surface Temperature. Figure 2 shows the wind stress (arrow) and net heat flux (contour) at the surface of the ECS both in winter and summer. From Figure 2 we can find that the wind stress is northward and the ocean releases heat in winter and on the contrary in summer. Note that the horizontal gradient of net heat flux in winter is much larger than that in summer. The maximum of net heat flux is in the region of the KC in winter, while is in the coastal region in summer. Along the northern, southern, western and eastern boundaries, we specify model variables (T, S and velocity) from the results of a global model run .
[12] Qiao et al. 's [2004] model domain is from 75°S to 65°N, and the horizontal resolution is 1/2°by 1/2°. The east and west boundaries are set as continuous conditions, while the north and the south boundaries are set as solid conditions in the global model. Qiao et al.'s [2004] model together with their other results simulates the coastal circulation well and can provide open boundary conditions for fine resolution regional ocean circulation models. To the east of 130°E near the south boundary of our model, there is a small anticyclonic circulation, which is considered as the New Guinea Coastal Current and Halmahera Eddy. The former flows northward throughout the year, while the latter changes its sense of rotation during a few months, what is consistent with Tomczak and Godfrey [1994] . To the east of Philippines, seasonal variations are evidenced in transport of the KC as well as the bifurcation point of the North Equatorial Current [Qiu and Lukas, 1996; Qu et al., 1998 ]. The bifurcation point moves northward in winter and southward in summer [Qiu and Lukas, 1996; Qu and Lukas, 2003] , accomplished by a quantitative change in the partition of the North Equatorial Current transport between the KC and the Mindanao Current. Thus, the Kuroshio transport east of Luzon reaches its seasonal minimum in winter and seasonal maximum in summer. All of those can be found clearly in the model results.
[13] The SCS is a semienclosed marginal sea that connects with the Pacific Ocean through the deep Luzon Strait, with the ECS through the shallow Taiwan Strait, and with the Java and Sulu seas through the shallow Karimata and Mindoro Straits. The model shows that there is a big cyclonic circulation that occupies the whole basin of the SCS in winter. In summer, there is an anticyclonic circulation in the Removing the local wind stress Sen-exp2
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Blocking the Tsushima Strait southern part and a cyclonic circulation in the northern part of the basin. The pattern of the SCS circulation is similar to some previous results [e.g., Fang et al., 1998 ]. An important aspect of the SCS circulation is the existence of a mean current through the SCS, consisting of inflow from the Kuroshio through the Luzon Strait and outflow primarily through the Taiwan, Karimata, and Mindoro Straits. This circulation has been called the South China Sea Throughflow [e.g., Qu et al., 2005; Wang et al., 2006; Yu et al., 2007] , and the schematic diagram of it was given by Qu et al. [2005 Qu et al. [ , 2006 Qu et al. [ , 2009 .
[14] The total transport through the Luzon Strait is essentially westward, with a maximum in winter and a minimum in summer [Qu, 2000; Chu and Li, 2000; Fang et al. 2005; Yaremchuk and Qu, 2004] , which is also in accordance with the model results. Unlike with the schematic diagram by Qu et al. [2006 Qu et al. [ , 2009 , there are many researches [e.g., Su and Wang, 1987; Li et al., 1992 Li et al., , 1993 Chen and Sheu, 2006; Chen et al., 2010] pointed out that the TSC is not directly from the Kuroshio intrusion in the Luzon Strait. For the south boundary of our model in the southern SCS, there is a seasonal cycle with the Karimata Strait transport, which is southward in winter and northward in summer, the range is from −2.5 Sv to 1.8 Sv, which is correspond with the previous studies. The annual mean outflow is about −0.2 Sv, which is low in comparison to some estimates [e.g., Fang et al., 2005] , but is similar to other results [e.g., Yaremchuk et al., 2009] . For the south boundary in the southern Sulawesi Sea, there is a persistent southward flow through the Makassar Strait, with seasonal variability of larger transport in summer than in winter, and annual mean transport of about 9 Sv, which is comparable with Susanto and Gordon [2005] . The South China Sea Throughflow is believed to inhibit the Indonesian throughflow in the Makassar Strait [Qu et al., 2005; Tozuka et al., 2007 Tozuka et al., , 2009 . The Mindoro Strait provides the only passage from the SCS deeper than 100 m, and half of the SCS throughflow exits the basin in the Mindoro Strait [Yaremchuk et al., 2009] . Opening the Mindoro Strait causes the North Equatorial Current split point to move southward and increases the transport of the Kuroshio east of Luzon while decreasing the Mindanao Current. But opening or closing the Karimata Strait or the Mindoro Strait does not affect the transport of the Pacific to Indian Ocean throughflow [Metzger and Hurlburt, 1996] . Thus, the south boundary of the SCS, which is referred to Karimata Strait transport in the model, may not the determinant factor of the TSC, even for the no-Luzon Strait experiment.
Results and Analysis

Model Results From the Control Run
[15] In this section, the results from the standard model run (hereafter referred to as the control run) will be discussed and compared with observations. In the control run the model was integrated for 10 years until it reached a statistically steady seasonal cycle. The spin-up time scale for a baroclinic ocean with a size of the Pacific is much longer than 10 years especially in higher latitudes within the model domain. The relatively short spin-up time in our model integration is due to the use of a small model domain that extends from 100°E to 150°E, shown in Figure 1 . The boundary condition prescribed along 150°E from a coarseresolution global model already contains the spin-up information in the vast interior to the east of 150°E.
[16] After the 10 years of spin-up, circulations are well established over the open ocean and in the adjacent seas. Figure 3 shows the vertically averaged velocity in the ECS in February (left, chosen to represent winter) and August (right, representing summer), respectively. The overall pattern of the circulation is remarkably similar to what was summarized in review papers by Su [2001] , Ichikawa and Beardsley [2002] , and Isobe [2008] . The most noticeable feature is a robust KC that flows northward starting from the coast of Philippines. The KC leaps across the Luzon Strait, flows along the east coast of Taiwan Island, continues northeastward along the continental slope in the ECS, and turns eastward to the south of Japan. There are some branches and regional recirculations on both sides of the KC. To the south of Japan, one branch intrudes shoreward and feeds the TsWC through the Tsushima Strait. In the shallow coastal seas, the Yellow Sea Warm Current (YSWC) penetrates northward along the Yellow Sea Trough, and brings the warm and saline water toward the Bohai Sea.
Taiwan Strait Current
[17] The vertical distribution of the meridional velocity across 24.5°N at the Taiwan Strait is shown in Figure 4 for both winter (Figure 4 , top) and summer (Figure 4 , bottom). The maximum velocity occurs right along the west coast of Taiwan Island in either season. This is consistent with Yang's [2007] hypothesis that a large KC-induced Dp between the northern and the southern tip of Taiwan Island would force a strong boundary current on the eastern side of the strait. Overall, the northward velocity is much stronger in the summer than in the winter. In fact, a narrow southward flow, associated with the winter China Coastal Current, is present at the western end of the strait. This current is forced by the local wind stress as we will discuss further when the results from sensitivity experiments are introduced. It is interesting to note that there is a local velocity maximum in the middle of the strait in the winter (Figure 4 , top). The velocity field shown in Figure 3 seems to indicate that the flow through the central strait continues northward and later connects to the YSWC.
[18] The seasonal variations of the volume transport of the TSC in the control run, and all sensitivity experiments are shown in Figure 5 (the positive value means flows northward). In the control run, the TSC flows northward perennially and varies seasonally from the minimum of 1.5 Sv in the late fall to the maximum of 2.75 Sv in summer. Fang et al. [1991] used observations to estimate that the TSC varies from 1 Sv in fall to 3.1 Sv in summer. For the annually averaged transport, the model is close to 2 Sv reported by Fang et al. [1991] . However, the magnitude of the seasonal variability is considerably smaller. The minimum transport is also much larger than the 0.14 Sv observed by Teague et al. [2003] for the period from October to December 1999. Isobe [2008] estimated direct current measurements from various research projects, and calculated the throughflow transport in the Taiwan Strait is about 1.3 Sv, with a deviation from 0.1 Sv to 2.5 Sv. It is not clear why there is such a large discrepancy for the seasonally minimum transport. Interannual variability may have contributed to the difference.
Tsushima Strait Warm Current
[19] Another very interesting feature is the water mass sources that feed the TsWC into the Japan/East Sea (JES). There have been two traditional views regarding the source water of TsWC. It had been long considered that TsWC is fed by the Kuroshio branch current west of Kyushu [e.g., Nitani, 1972; Lie and Cho, 1994; Lie et al., 1998 ]. This was challenged by Beardsley et al. [1985] , who found that TsWC originated mainly from the Kuroshio branch current north of Taiwan. Fang et al. [1991] also found that the flow in the ECS, observed by current meters, was continuous between the Taiwan and Tsushima Straits. Meanwhile, Lim [1971] and Sawara and Hanzawa [1979] found that the water property in the Tsushima Strait was considerably different than that of KC, indicating that KC water was modified in the ECS before approaching the Tsushima Strait. Isobe [1999] reconciled these differences by proposing that the source water for TsWC may change seasonally. In the summer, the Kuroshio branch current north of Taiwan supplies the TsWC inflow to the JES in the summer season, while the Kuroshio branch current west of Kyushu takes over the supplier role in the winter.
[20] Although the dynamic processes that govern this seasonal alternation are not well understood, Figure 3 , which shows the velocity field in both winter (Figure 3, left) and summer (Figure 3, right) , appears to catch this seasonal alternation. The bold arrows are added on top of the model generated velocity vectors to highlight the large-scale flow directions. A careful examination of the velocity vectors in the upstream of TsWC shows that there is considerable seasonal variability. The TsWC source water derives from both the TSC and KC in either winter or summer. It also seems to have a seasonal preference. In winter the northward flow through the Taiwan Strait is weaker and confined to the eastern side along Taiwan Island's coast. The coastal current along the Chinese mainland is actually southward, consistent with observations. The northward TSC turns gradually offshore toward the shelf break where it meets the KC. It joins the KC branch current west of Kyushu and feeds the TsWC, an inflow into the JES. A large portion of the TSCoriginated water has already joined the KC before reaching the Tsushima Strait, so it appears that the KC branch current west of Kyushu is the main source for the TsWC. In summer, the TSC is very robust and the flow is directed northward across the Taiwan Strait. The most noticeable difference from the winter pattern is that the flow over the broad ECYS is northward, especially off the coast of the Chinese mainland. Some of these northward shelf currents extend all the way up to the southern entrance of the Tsushima Strait. The KC branch current west of Kyushu is still robust and feeds the TsWC. But it is no longer the only dominant source in summer. The TsWC source water derives from both the KC and the flow through Taiwan Strait in summer. The variation of TSC transport through the Taiwan Strait and the change of the shelf current pathways over the ECYS are two main factors that affect the seasonal preference of the TsWC source waters. The seasonal origin of the TsWC is strongly depended on the mixing scheme of the model. Actually, many studies [e.g., Lie and Cho, 1994; Isobe, 1999 Isobe, , 2000 have been done attributing it to the thermohaline or density field, which is essentially the mixing effect among some of the KC branch water, ECS water, Changjiang diluted water, and so on. In another work by Guo et al. [2006] , they found that the baroclinic effect also plays an important role in the KC onshore intrusion and origin of the TsWC.
[21] The meridional velocity section across the Tsushima Strait is shown in Figure 6 for both summer and winter seasons. Results from a very comprehensive survey of the velocity filed has been published recently [Takikawa et al., 2005] and thus are used to compare with the model results here. Takikawa et al. [2005] calculated the transport by using the data collected long-term ADCP on a ferryboat between Hakata and Pushan. The 5 year averaged transport since February 1997 was 2.64 Sv with 1.1 and 1.54 Sv in the eastern and western channels, respectively. The transport in either the eastern or western channel varies considerably with season. The 5 year averaged transport is minimum in January and maximum in October. In the same work as mentioned above, Isobe [2008] estimated the throughflow transport in the Tsushima Strait on the basis of some previous research, and obtained the average result of about 2.6 Sv, with a variation from 1.2 Sv to 4 Sv. The model compares quite well with the observation (the monthly velocity profiles plotted in Figure 4 of Takikawa et al.'s [2005] paper). The patterns in both the eastern and western channels are remarkably similar. The model also simulates successfully the reversed flow on two side edges in the eastern channel, a prominent feature revealed by Takikawa et al. 's [2005] analyses. The velocity magnitude is a bit weaker in the model than in the data, especially in the summer and along the western channel. This is, at least partially, due to the fact that velocity plotted in Figure 6 is the meridional velocity, while Takikawa et al. [2005] used the along-channel velocity. Both channels are oriented in the northeastern direction and thus the along-channel flow has both northward and eastward velocity components. The total velocity is greater than the meridional component alone. The annually mean transport in the model, a bit over 3 Sv combined both channels, is actually greater than the 2.64 Sv reported by Takikawa et al. [2005] , 2.7 Sv by Teague et al. [2002] , and 2.6 Sv by Isobe [2008] .
Yellow Sea Warm Current
[22] It is interesting to note that the YSWC becomes much less intrusive in summer and is limited mostly in the southern trough, contrasting with a deep winter penetration well into the trough. This seasonal characteristic agrees well with observations [Park, 1986; Lie, 1986] . The observational evidence of YSWC's existence is mostly circumstantial and often derived from the water mass characteristics. The less intrusive nature of the YSWC has prompted a debate regarding whether the YSWC should be regarded as a persistent mean current [e.g., Lie et al., 2001] . To the east of the YSWC, there is a perennial southward flow along the west coast of Korea. This current was referred to the Korea Coastal Current in some previous studies. Yang [2006] argued that the Korea Coastal Current is induced by the TsWC as a source-and sink-driven flow along bathymetry, which itself is forced by the KC through the pressure gap between the Tsushima and Tsugaru Straits. [23] Figure 7 shows the meridional velocity across 35°N at the Yellow Sea. From Figure 7 we can find that, the flow in the surface is southward in winter (Figure 7, top) , especially two strong coastal currents along both China and Korea sides. In the lower layer, there is northward flow along the Yellow Sea Trough, which is called the YSWC.
In summer (Figure 7, bottom) , the flow in the surface is northward, except that there is a southward flow near the Korean coast, which itself may be induced by the TsWC. In the lower layer, the flow is very week, but there still exists a northward flow along the western Yellow Sea Trough. [24] The time series of velocity fields and sea surface heights anomaly of the Yellow Sea in winter are given in Figure 8 . The time series are 1 h, 7 h, 13 h, 19 h, 25 h, 37 h, 49 h, and 73 h since from the winter monsoon is set up. Here we try to give the adjustment processes of the YSWC for the purpose of starting further research. When the winter monsoon is prevalent, the southward wind will induce a downwind flow in the whole Yellow Sea (Figure 8a) , and will cause a northward sea level slope first. According to the wave dynamics, there will be westward propagating long Rossby waves from the eastern boundary. As the Rossby radius of deformation changes meridionally, the waves will propagate faster in the southern part than in the northern part, which will result in a northwestward sea level slope (Figure 8b ). The flows along the Chinese and Korean coasts still head southward, but the circulation in the Yellow Sea Trough turns in a clockwise direction. Then there should be a northward flow to compensate the southward flows along the west and east coasts of the Yellow Sea (Figure 8c) . Meanwhile, the southward wind stress forms the coastal upwelling along the southwestern coast of Korea Peninsula, this upwelling enhances the Korea Coastal Current in winter, this feature propagates counterclockwise around the Yellow Sea and Bohai Sea's trough not only as the coastal Kelvin wave but also as the topographic Rossby wave (Figures 8d-8g ).
As time goes on, the sea level of the central Yellow Sea will be higher in the eastern part than in the western part, which forms a high sea level tongue in the eastern part and a low sea level tongue in the western part. Near the front, there is a northward flow which is widely considered the YSWC (Figure 8h) . Moreover, the topographic Rossby waves/ boundary Kelvin waves may continuous propagate southward along the Chinese coast to the Taiwan Strait, and affect the sea level and current in the strait.
Momentum Balance Around Taiwan Island
[25] The depth-integrated momentum fluxes along the coast of Taiwan Island are calculated by source code of the standard model. The momentum equations in sigmacoordinate are derived from POM model, that is @UD @t
where (x, y, z) are the Cartesian coordinates; D = H + h where H is the bottom topography and h is the sea surface elevation; s = (z − h)/(H + h) thus s ranges from s = 0 at z = h to s = −1 at z = −H; r 0 is the reference density; r′ = r − r MEAN where r is the in situ density and r MEAN is horizontally averaged, time-independent initial density field; U and V are the depth-dependent horizontal velocity components; and w is the transformed vertical velocity. Other variables are the Coriolis parameter f, gravitational acceleration g, horizontal viscosity coefficient A M , and vertical viscosity coefficient K M . [26] The momentum balance consists of terms for acceleration (Inertia term: first term on the left), advection in the horizontal and vertical directions (second to fourth term on the left), Coriolis force (fifth term on the left, vanishes in the momentum balance along the boundary owing to the no-normal flow condition), baroclinic term (sixth term on the left), pressure gradient (first term on the right), vertical diffusion (second term on the right, including negative Wind stress and Bottom friction), and horizontal diffusion (third and fourth term on the right), in that order. The differences from the barotropic model by Yang [2007] are that it involves the baroclinic effect, and the bottom friction of Rayleigh relation is replaced by a quadratic drag relation. The ith momentum flux is integrated clockwise along the coast of Taiwan Island as the following form:
ds, where l * is unit vector tangential to the lateral boundary.
[27] As the integral of the momentum fluxes around the island is near zero, we didn't show it around the whole island, instead of integral along the west coast of the island. The one-side momentum balance can help to examine the importance of pressure gradient in dominating the flow direction. Figure 9 shows the monthly variability of the integrated primary terms in the momentum balance. The positive value means clockwise along the coast of Taiwan (note that the pressure gradient, wind stress, bottom stress and horizontal diffusion shown in Figure 9 are negative corresponding terms in the momentum equation, thus the sum of these terms will be balanced to that of other terms). The time rates of change in the momentum balance are calculated. The annual rates of change in inertia term, advection, baroclinic term, pressure gradient, wind stress, bottom friction and horizontal diffusion are about −0.4, −0.2, −3.0, −4.0, −0.1, 0.6 and 0.2 (m 3 s −2 month −1 ) in turn. The annual variation is very small but seasonal variation is relatively obvious, which may be dominated by the wind stress and baroclinic effect. The annual mean values of these terms are also given, which are about −1e-5, −0.004, 0.045, 0.145, −0.034, −0.065 and −0.005 (10 3 m 3 s −2 ) in turn. We can find that the inertia term is so small that the flow can be considered as a steady state, and the pressure gradient is the dominant in the momentum fluxes. The bottom friction no doubt is against the flow, and the wind stress and baroclinic effect mainly contribute to its seasonal variability. It is the pressure gradient that plays a decisive role in setting the direction of flow through the strait. So the steady and barotropic model used by Yang [2006] appears to capture the essential dynamics that govern the annual mean flows over the ECYS. But for the seasonal variability, it is no doubt necessary to employ a baroclinic model.
Sensitivity Experiments
[28] The results from the control run are reasonably consistent with observations. This gives us a level of confidence to examine the mechanism by using this 3-D model. Here we revisit the mechanism that governs the flow through the Taiwan Strait. The Taiwan Island is located at the edge of shelf break. The KC flows along the east coast of the island and exerts a large friction along the boundary as can be explained in terms of the western boundary layer dynamics. The friction has to be balanced by a considerable pressure gradient from the southern to the northern tip of the island (the Coriolis term vanishes in the momentum balance along the boundary owing to the no-normal flow condition). This KC-induced pressure difference between the northern and southern tip of the island is felt identically along the island's west coast in the Taiwan Strait, and forces a northward flow parallel to the KC. The local wind stress tends to weaken but is insufficient to suppress the TSC. A follow-up study by J. Yang et al. (Open-ocean forcing of a semienclosed marginal sea: Topographic effect on the Tsushima Warm Current, submitted to Journal of Physical Oceanography, 2010) showed that the TsWC makes an important secondary contribution to the northward transport across the Taiwan Strait. The connection between flows on two sides of the island can be demonstrated eloquently by a classic theorem in fluid dynamics. By following Pedlosky et al. [1997] , one can integrate a momentum equation of a onelayer fluid (either a barotropic model layer or a layer of water in a 3-D model). The integration of the nonlinear momentum advection terms vanishes. The Coriolis term is zero for the momentum balance in the along-boundary direction owing to the no-normal flow contention. The pressure is continuous around the island so that the integral of its gradient is zero. The integral balance yields
Here, S is the surface wind stress, B is the bottom drag, C is the integration contour around the island, and dl is the unit tangent vector to the island. For an unforced and inviscid fluid, the second term vanishes, and so equation (2) becomes the classic Kelvin theorem of the conservation of circulation around an island. Yang [2007] used the steady assumption and thus the integrals of friction and wind stress balance each other, that is,
[29] If the local wind stress is weak or equivalent along both sides of the island, the integral of the friction must then be zero. In the TSC application, Yang [2007] argued that the mighty KC flows northward at the east of Taiwan Island and results in a strong anticyclonic drag. If the wind stress is not strong enough to overcome the bottom stress, then a northward current must exist there, and it is the reason why the TSC flows northward all through the year.
[30] In order to test this mechanism in a time-dependent and 3-D model, several experiments are designed here: (1) removing the local wind stress (sen-exp1), (2) blocking the Luzon Strait (sen-exp2), and (3) removing the KC (sen-exp3). All the sensitivity experiments start from rest state with January temperature and salinity of WOA01, and are integrated for 10 years as well as the control run. The referred names and configuration of these experiments are shown in Table 1 . The results will be compared with the control run shown in Figure 3 . 3.2.1. Sen-exp1
[31] In the first sensitivity experiment (sen-exp1), the wind stress is removed from the model domain shown in Figure 1 . The only forcing is through the prescribed lateral boundary conditions. The model starts from zero, and is integrated 10 years as the control run. This experiment is equivalent to the KC Run discussed by Yang [2007] since the flow through the lateral boundaries contains the information of the Sverdrup dynamics in the vast interior ocean. Figure 10 shows the depth-averaged velocity field in winter (Figure 10 , left) and summer (Figure 10, right) , respectively. All major currents in the area, including the TSC, TsWC, YSWC and Korea Coastal Current, remain robust even though there is no direct wind stress forcing locally. This is consistent with the barotropic model results reported by Yang [2007] , and thus supports their assertion that these currents are primarily induced by forcing over the open ocean. The circulation around the Taiwan Island is nearly steady, and so the integral balance in this model run without local wind stress is
The accumulated friction exerted by the KC along the east coast of Taiwan Island must be balanced by that along the west coast. This requirement results in a northward flow along the Taiwan Strait parallel to the KC. We integrate the friction around the Taiwan Island, and the outcome indeed satisfies the assumption.
[32] It is interesting to note that the circulation in the region exhibits little seasonal variability. The remarkable steadiness of all major currents contrasts strongly with large seasonal variations in the control run (Figure 3) . Overall, the circulations from this experiment resembles more closely with the summer flow in the control run (Figure 3, right) . This is perhaps due to the relative weakness of the monsoonal wind in the summer season. Without the local wind stress forcing, the flow through the Taiwan Strait is northward across the whole channel in both winter and summer (Figure 10 ). The southward flow along the Chinese mainland coast virtually disappears all the way from the Bohai Sea to the SCS. The YSWC shows little seasonal changes, consistent with Mask and O'Brien [1998] , who suggested that the seasonal variability of YSWC may be due to the local monsoonal forcing. In the steady forcing case, the YSWC and the Korea Coastal Current are induced by the TsWC in the form of source-and sink-driven flow over the shelves in the ECYS. The winter strengthening of the YSWC shown in the control run (Figure 3 ) is unlikely due to the direct wind stress forcing since it flows against the prevailing northeasterly wind. It is probably related to the southward flow along the Chinese mainland and Korean coast (Figure 3,  left) . The winter wind forces a southward boundary current along the entire coast of the Chinese mainland, and strengthens the southward Korea Coastal Current simultaneously. Owing to the continuity requirement, water has to be drawn into the northern Yellow Sea and the Bohai Sea to feed the boundary current. Therefore, the water mass is sucked into the region through the Yellow Sea Trough, and thus results in a deep penetration of the YSWC in the winter season. We have mentioned before that the ocean receives heat flux in summer at the Yellow Sea, which will decrease density, increase buoyancy and make the stratification stability in surface. This may be a contributing factor in formation of the famous Yellow Sea Cold Water Mass, which itself may weaken the YSWC in summer. These issues could not be addressed in steady models like the one used by Yang [2007 Yang [ , 2006 .
Sen-exp2
[33] In the second sensitivity experiment (sen-exp2), the Luzon Strait between Taiwan Island and Philippines is blocked. The forcing includes the local wind stress and exchanges through all lateral boundaries, just like in the control run. For a model domain from 17°to 50°N, Taiwan Island is not treated as an island, and thus the integral constraint (1) no longer applies here (in a larger model domain, the combination of Taiwan Island and Philippines would make a large island, and the constraint would apply). The flow through the Taiwan Strait reverses seasonally from being southward in winter (Figure 11 , left) to northward in summer (Figure 11, right) , and is the same direction as the local wind stress. We would like to point out here that the KC forcing cannot be removed completely in this run. About 1/3 of the annual mean transport through the Taiwan Strait is due to the remote forcing of TsWC. Like the Taiwan Island, the Kuroshio and Oyashio Currents along Japan's east coast will set the pressure gradient between the Tsushima and Tsugaru Straits. The pressure gradient can also be felt along the west coast of Japan, and induces a northward flow through the Tsushima Strait. Theoretically, according to Island Integral Constraint, the Kuroshio and Oyashio Currents along Japan's east coast will induce anticyclonic friction, which should be balanced by cyclonic friction to the west coast of Japan, thus there is a current flows northward through the Tsushima Strait and one of its branches continues to flow northward along the west coast of Japan. For the mass conservation and coastal wave theory (propagating along the right boundary at Northern Hemisphere), it is plausible to assume that the TsWC transport through the Tsushima Strait will influence the upstream conditions in the ECYS as source-and sink-driven effect. This appears to explain why the southward flow in winter (Figure 11 , left) is still weaker than the northward flow in summer (Figure 11 , right) even though the magnitude of wind stress is much greater in winter than in summer.
Sen-exp3
[34] In the third sensitivity experiment (sen-exp3), the initial fields and surface forcing fields prescribed in the region studied are the same as control run, while the model variables are no longer prescribed along lateral boundaries.
Instead, an open boundary condition is used to allow information to propagate outward. The small domain is effectively disconnected from the interior Sverdrup flow in this model set up. The KC is indeed weak and not well organized as a unidirectional current ( Figure 12 ). As the cross-shelf pressure is balanced by the Coriolis Effect of the flow, it will have a great reduction compared with that in control run. Using the model results, we calculated the Sea Level difference between Ishigaki in the Southern Ryukyu Islands and Keelung on northeast Taiwan (SL Ishigaki − SL Keelung ). In control run, the sea level difference between them is about 0.56 m in summer and 0.52 m in winter. While the sea level difference is significantly reduced in sen-exp3, which is 0.08 m in summer and even changes its sign to −0.02 m in winter. The flow is southward in winter and northward in summer through the Taiwan Strait and over the broad ECYS. The flow between the ECS and the JES, that is, the TsWC, reverses its direction seasonally without the KC forcing. This supports the claim that the TsWC is forced by the KC. The YSWC disappears in summer. Combined with the results shown in previous experiments, we conclude here that the YSWC is primarily forced by the KC through the TsWC, and the local wind stress only modulates its seasonal variability. Without the KC, the flow along the Yellow Sea Trough is very weak and disorganized in summer (Figure 12 , right). But owing to the compensation for the southward coastal current induced by wind stress, the YSWC still exists and flows northward in winter (Figure 12, left) .
[35] In sen-exp1, the model domain shown in Figure 1 is forced by wind stress and buoyancy over the open ocean and the local wind stress forcing is turned off. The TSC transport varies little with seasons ( Figure 5 , dashed line), indicating the important role of the local forcing in modulating the seasonal cycle. In other words, the northward transport is forced by the open ocean through the KC, but the seasonal variability is caused by the local monsoonal forcing. It is interesting to note that the annual mean transport in sen-exp1 is slightly larger than that in the control run. It means that removing the local forcing of wind stress would result in a greater TSC transport, which is easy to understand. In the control run, the wind stress along the Taiwan Strait is southwestward in winter and northeastward in summer, but the annual mean is southwestward, which is against the flow direction and acts as an obstacle to the TSC. Consequentially, removing the restraint effect of wind stress will increase annual mean transport of the TSC. In sen-exp2, the Luzon Strait is blocked, and so the island integral constraint (2) voids. The TSC transport becomes much weaker as discussed earlier in this paper. The annual mean transport is still positive or northward ( Figure 5 , dotted line) owing to the remote forcing from TsWC. Without the KC forcing, in sen-exp3, the annual mean transport becomes even weaker ( Figure 5 , dash-dotted line).
[36] The integral constraint (2) is derived from using an assumption of steady state. The steady assumption remains valid for variability that has a time scale longer than what a coastal trapped wave would take to propagate around the Taiwan Island. For instance, a shallow-water gravity wave would take just days to complete the propagation around the island. So one would expect that constraint (2) remains a valid connecting mechanism for seasonal to interannual variability on flows on both sides of the island (this is supported by our preliminary results from multidecadal runs). 3.2.4. Sen-exp4 and Sen-exp5
[37] To investigate the relationship between the Taiwan and Tsushima Straits, and their effects on circulations in the ECYS, two additional experiments are conducted here: blocking the Taiwan Strait (sen-exp4), and blocking the Tsushima Strait (sen-exp5). In the two experiments, the forcing is the same as control run, except that the two straits are blocked separately. From the results we can find that, when the Taiwan Strait is blocked (Figure 13 ), there will be no flow through the Taiwan Strait from the SCS to the ECS. But the circulation pattern of the ECYS almost remains the same as control run. While if the Tsushima Strait was blocked, the TsWC would disappear naturally. In winter, to compensate the wind-induced southward coastal currents along both China and Korea sides, the YSWC will flow northward as usual (Figure 14, left) . But in summer, without the suction of the TsWC, the southward Korea Coastal Current will turn toward the wind direction, and the YSWC will also reverse as a compensation current (Figure 14, right) .
[38] We also calculate the volume transport of the TsWC in sen-exp4 (Figure 15) and that of the TSC in sen-exp5 (Figure 16 ). We can find that the Tsushima Strait transport in sen-exp4 has no evident change, while the Taiwan Strait transport in sen-exp5 cuts its value by a third comparing with the control run. The two additional experiments can further validate source-and sink-driven flow by the Tsushima Strait, that is, on one hand, the TsWC will induce the southward Korea Coastal Current, and then breed the YSWC as a compensation flow; on the other hand, it will induce the flow along isobaths in the ECS, and contribution to the northward flow in the Taiwan Strait.
[39] Table 2 shows volume transports of the China Coastal Current, Yellow Sea Warm Current and Korea Coastal Current. It is easy to find from Table 2 that the YSWC transport is equivalent to the sum of the China Coastal Current transport and Korea Coastal Current transport, which is evidence of its existence as a compensation flow. There are seasonal variations in the circulation of the Yellow Sea in control run: the China Coastal Current changes direction seasonally, but the Korea Coastal Current flows southward all over the year. The result of integration of the two factors will be the existence of a northward YSWC, only with a great weakening in summer. If the local wind stress was removed, the seasonal variation will nearly disappear, which indicates the important effect of the wind stress on it. If the Tsushima Strait was blocked, the Korea Coastal Current will flow in the reverse direction, the YSWC will turn to southward in summer as a result, which demonstrates the indirectly KC effect to the YSWC through the TsWC. of major currents in the ECYS. Results from a control run and three additional sensitivity experiments are presented to elucidate the relative roles of these two forcing mechanisms. In sen-exp2 in which the Luzon Strait was blocked, the temperature and salinity fields almost do not change in upper layer over the SCS, except for that there is a little decrease near the Luzon Strait in winter. It is interesting that, the temperature and salinity in the SCS will increase in the depth of 500 ∼ 1000 m, and decrease in the depth of more than 1000 m comparing with the control run, which may be related the intrusion of water mass through the Luzon Strait. In sen-exp3 which the KC is removed, the temperature and salinity fields change obviously, especially there are no longer high temperature and salinity tongues along the KC. However, the temperature is still higher in the SCS than that in the ECS all over the year, but the flow along the Taiwan Strait reverses its direction seasonally. It demonstrates that the thermally effect is not the only dominant factor in setting the direction of the flow along the Taiwan Strait. Our results support the finding by Yang [2007 Yang [ , 2006 that, on the annual mean basis, the major currents, including TSC, TsWC, YSWC and Korea Coastal Current, are primarily forced by the open ocean through the KC. Large islands, like Taiwan Island and Japan, located on the edge of continental slope, help to facilitate the open-ocean forcing in the shallow coastal seas. Without the KC forcing, local forcing alone would produce a southward flow through the Tsushima Strait, a weak and seasonally reversing flow along the Taiwan Strait, and the absence of the YSWC and Korea Coastal Current. These currents, however, are well simulated by the KC forcing, and are included even in the case where all local forcing is removed.
Summary and Discussion
[41] The second goal of our study is to examine the relative role of the open ocean and the local forcing in the seasonal variability that was not previously addressed. It was found that the seasonal variability of the TSC is small when the local wind stress forcing is removed ( Figure 10 for the velocity in the region, and the dashed line in Figure 5 for the TSC transport). So we conclude that while the KC is primarily responsible for driving the mean flow through the Taiwan Strait, the local wind stress forcing plays the leading role in modulating the seasonal variability. The annual mean transport of the TSC in the locally forced case (sen-exp3, Figure 12 and, dash-dotted line in Figure 5 ) is negligible compared with that from the control run.
[42] The existence of the YSWC as a mean current has been debated in previous studies of regional water mass characteristics [i.e., Lie et al., 2001] . The well-accepted consensus is that the YSWC is robustly developed and penetrates well into the Yellow Sea Trough and even to the Bohai Sea in winter. In summer, however, the existence of the YSWC becomes murkier and the intruding warm water is limited only to the southern trough [e.g., Lie, 1986; Park, 1986] . The mechanism of this seasonal variation, though well documented, has not been dynamically explained. Our control run simulates well this seasonal variation (Figure 3) . It is interesting to note that the YSWC is well established in the sen-exp1 when the local forcing is removed (Figure 10 ). This indicates that local forcing is not the leading driver for the mean YSWC. However, the current becomes rather steady seasonally, indicating the role of the monsoonal forcing of its seasonal variability. We postulate here that the strengthening of the YSWC in the winter season is due to the pulling effect from the southward flow along the coast of the Chinese mainland. The China Coastal Current is forced by the monsoonal wind and the KC appears to play little role. This is demonstrated in the sen-exp3 (Figure 12 ) which shows that the coastal current and its seasonal variation are similar to the control run (Figure 3) , even though the KC forcing is removed. During the winter monsoon season, the along-shore wind drives southward flows along the Chinese coast all the way from the Bohai Sea to the SCS and the southwestern coast of Korean Peninsula. To compensate these diverging coastal currents from the Bohai Sea and the northern Yellow Sea, water mass must be drawn to the region. Consequently, the water mass along the Yellow Sea Trough is sucked northward, and this helps to push the YSWC northward against the southward wind.
